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Abstract. This paper addresses force estimation and trajectory track-
ing control for robotic manipulator in the presence of uncertain external
load force at end effector. One-step Guess method using one step history
data sampled from actual continuous-time plant at a constant sampling
interval is developed to estimate the unknown fixed or time-varying force.
A discrete-time adaptive controller based on estimation of load force is
designed to track desired joint trajectory. System simulation of a 6 DOF
manipulator is carried out with the help of robotic toolbox in MATLAB,
which demonstrates performances of the proposed scheme dealing with
both fixed and variable forces, compared with traditional control method.
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1 Introduction

Nowadays intelligent robots have come into our daily life as well as industrial
process. The fact that robots do repeated work and deal with single kind of prob-
lem can not meet the increasing demand of robotic intelligence any more. On the
one hand, in modern factory robotic arms are supposed to face uncertain tasks
such as assembling or carrying some objects with unknown weight or even time-
varying weight. On the other hand, smart robots need to possess excellent per-
ception in unknown outside environments, for example, sense of external force or
weight without force sensor in order to make optimal decisions. Therefore those
motivate us to settle estimation of external force and position tracking control for
robotic manipulator in the presence of uncertain load force at its end effector.

Position tracking of robotic manipulator always seems to be a fundamental
and difficult task in robot control, especially in the presence of external distur-
bances and modal uncertainties. Various kinds of control methods have been
used to address this problem, including proportional plus derivative (PD) con-
trol [8], iterative learning scheme [5], sliding PID control [12], repetitive and
adaptive motion control [4].
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To achieve high precise tracking of robot with load uncertainties, robust
control that can reject load uncertainties have been studied extensively in lit-
eratures. A input-output robust control design, which could guarantee tracking
performance in the presence of load variation as well as other disturbances was
firstly introduced in [13]. A benchmark problem for robust feedback control
for a flexible manipulator was presented in [11]. The robust control problem of
robot manipulators could be translated into a optimal control [7] where load
uncertainties were first reflected in the performance index and this approach
was illustrated with two-joint SCARA type robot. Adaptive control has great
advantages in coping with uncertainties. In [10], an adaptive control scheme was
proposed for rigid link robots, where control signal computations were performed
continuously and the control coefficient computations are performed in discrete
time. An adaptive control system, requiring calculating only one parameter the
tip load, was designed in [3]. Force estimation is important for adaptive control
of robotic manipulators with unknown load at end effector, since usually it con-
stitutes one part of control torque. Besides, high precise estimation of force can
replace force sensor with high cost in application of intelligent robot. An app-
roach, providing force estimation as well as full state estimation in the presence
of robot inertial parameter variations and measurement noise, was proposed in
[1]. Some intelligent control methods have also been adopted such as artificial
neural networks (ANN) [14] and switched adaptive control [15,16].

Among the existing control methods, discrete-time adaptive control methods
for robotic manipulators with unknown load force at end effector, are still seldom
concerned. During the past decades, we have witnessed extensive application of
digital computers in control system due to availability of cheap chip and the
advantages of digital signals over continuous signals. The practical implemen-
tation of theoretic control methods will benefit much from directly taking true
plant as sampled system and then designing control scheme in view of discrete-
time control system, such as testing real-time performance easily. However, it is
difficult to design a satisfactory discrete-time control scheme for robotic system.
Force estimation only using history information of joint angles and velocities is
also seldom studied because of the modal complexities of robotic system. Since
multi-joint will increase modeling and computation difficulties, robotic manip-
ulators used for simulation in many previous literatures only have one or two
links while many a manipulator of six degrees of freedom (DOF) or more could
be seen in practice, especially in intelligent robot field.

Our study object is robotic manipulator with unknown external load force
at end effector, the only uncertainty considered in this paper for simplicities.
Discrete-time adaptive control method based on One-step Guess (OSG) [9] was
first introduced for load uncertainties [6], and this paper extend this method to
a general case. Mathematically external force timed by Jacobian matrix is added
to robotic dynamic equation, instead of direct addition as in some literatures.
Force estimation is obtained through OSG, by which the discrete-time adap-
tive controller can cope with position tracking. The performance of this scheme
is demonstrated with simulations for PUMA560, a kind of 6 DOF manipulator,
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further than the work in [6]. Robotic toolbox (RVC) [2] in MATLAB contributes
to dynamic calculations and simulations. This scheme has three main advan-
tages: free of force sensor, convenience for digital implementation, high-precision
tracking.

The remaining part of this paper is organized as follows. First, Sect. 2 intro-
duces the dynamics of robotic manipulator with external load force and the
problem to be studied. Section3 presents the detailed design of discrete-time
force estimation and adaptive controller and briefly analyzes convergence char-
acteristics of trajectory errors. Then Sect. 4 illustrates the simulation results of
a 6 DOF manipulator with OSG-based adaptive controller and force estimation.
Finally Sect. 5 briefly summarizes our work and also presents the future work.

2 Problem Formation

The dynamic model of a serial robotic manipulator in the presence of load force
at its end effector can be represented by the following equation in matrix form

M(q)i+C(q,4) +Glq) =u+J"f (1)

where n is the degree of freedom, g € R™, ¢ € R™,{ € R" are respectively the vec-
tor of generalized joint coordinates, velocities and accelerations, M (q) € R™*"
is the joint-space inertial matrix, C(q,q) € R™*" is the Coriolis and centripetal
coupling matrix, G(q) € R™ is the gravity loading, and v € R" is the vector of
generalized actuator forces associated with the generalized coordinates gq. The
last term gives the joint forces due to external payload f applied at the end
effector and J is the manipulator Jacobian matrix.

As is well known, the manipulator Jacobian transforms joint velocity to an
end effector spatial velocity and the Jacobian transpose transforms a wrench
applied at the end effector to torques experienced at the joints. It is noted that
both of two transforms hold respectively in the same coordinate frame, either
both in the world coordinate frame or both in the end effector coordinate frame.
Generally speaking, the world coordinate frame is adopted and hence we have
the following relationship

Ud = JT(Q)f (2)

where the elements of ug are joint torques for revolute joints. Generalized force
f is denoted by f = [fz fy f- T T, T:]T, that is, f can represent an arbitrary
external force or torque applied at end effector in all possible directions. For
example, f = [f; f, 000 0]7 represents a horizontal force.

In practice, the external force f in the above Eq. (1) is not always known
in advance, which results in bad performance of some traditional methods such
as PD feedforward control, especially in the case of large value or time-varying
case. The ultimate goal of control system is to achieve trajectory tracking, which
needs control system to estimate f using observed history information such as
sampled joint angle values and velocities. Before designing computation methods
of force estimation and control torque, system discretization should be first done
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since digital control system is widely used. Then we estimate the load force at
past time and assume that the force vary small in the next sampling time which
corresponds with most actual cases since generally speaking sampling interval is
very small. By taking force estimation at the last time as current time force, we
can design the adaptive controller to finish trajectory tracking.

3 Design of Estimation and Controller

In this section, we design force estimation and tracking controller for the above
problem, mainly consisting of the following four parts:

1. Discretization of manipulator dynamic equation;

2. Designing estimation algorithm of external force based on sampled history
information consisting of joint angle values and velocities;

3. Designing control signal at the current time according to estimation of force
of last time instant;

4. Analyzing convergence characteristics of trajectory error.

3.1 Discretization of Dynamic Equation

First let ¢ =[¢ 4|7, ¢ € R™ and M(q) is usually invertible, then Eq. (1) can be
rewritten in the following state space form

7= A(g,9)7+ B(Q)u+ F(q)f —Q(9)G(q) (3)
where
. Onxn Inxn
Alg:4) = [o —M1<q>6<q,q>}

F@ = |y, ()

The sampling period is denoted as 7' and then at time ¢t = (k — 1)T the
joint angle value and velocity are respectively zr = ¢(tr) and @ = ¢(t). Let
the space state of discrete-time system be Zy = [z %]7, then from theory of
discretization we can get

L, = eAlate) ()T

kT )
Hy, = / eMNeDB(q)dt
(k—1)T

kT .
Ry = / DR (g)dt
(k=1)T

kT
Sp = /( A@DQ (gt (5)

E—1)T
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where Ly, Hy, R and Sy are counter-part matrices corresponding to the con-
tinuous time matrices A(q,q), B(q), F(q) and Q(q) in the Eq. (3). Hence the
discrete-time space state equation for robotic manipulator is as follows

Tpt+1 = LpZy + Hyug + Ri fro — SkG (k) (6)

Since only the sampled values x, = ¢(tx) and & = ¢(tx) at the sampling
time instant ¢ can be obtained as well as history values, the exact values of
Ly, Hy, Ry and Sj, can not be calculated using Eq. (5). Instead, we can use the
following formula:

kT
Sy = /( et Q) dt (7)

where Ay = A(zy,Zy), which is determined at each sampling time. As a result,
Ly, Hy, Ry and Sy can be calculated through Runge-Kutta method or other
numerical integral methods. The estimated errors can be denoted as:

Hy = Hy — Hy, Ly, = Ly, — Ly
Ry, = Ry — Ry, S = Sk — Sk (8)
which will generate modal calculation errors but can be small enough if the

sampling period is small enough.

3.2 Force Estimation
From Eq. (6), at time t;_; = (kK — 1)T, we have
Tp—1 = Li—1Zp—1 + Hp—1up—1 + Re—1 fr—1 — Sk—1G(xp—1) 9)

Then
Ri—1frk—1=Tk—1 — Lp—1Zp—1 — Hy—1up—1 + Sk—1G(z4—-1) (10)

which can be taken as the constraint equation of fi_;. Then we denote the right
hand side of Eq. (10) by P(Zy,Zx—1), that is,

P(Z,Tp—1) = Tp—1 — Li—1Tk—1 — Hp—1up—1 + Sk—1G(z-1) (11)
The constraint Eq. (10) is equivalent to

Ri—1fi—1 = P(Tg, Tr—1) (12)
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Generally Rj—1 is not a square matrix and thus not invertible. Hence we could
adopt the least-square method or regularized least-square method to solve the
above Eq. (12). Besides, as previously mentioned, only estimation values Ek_l,
ﬂk,l, Rk,l and S’k,l could be used at time t;. Based on the two points, force
estimation of fr_1 can be given as follows

fro1 = (RF_ Ry + QFQr) ' RE_, P(Zh, Tpo1) (13)

where R . X R
P(Zg,Tp—1) = Uk — Liy—10k—1 — Hy—1uk—1 + Sk—1G(vk—1) (14)

and Q¢ is a matrix for fine-tuning the estimation such that Qs fk—l = 0, which
can reflect a prior knowledge on the unknown force.

Since the change of external force during one sampling interval is assumed
to be very small, hence estimated value fk,l can serve as a priori estimation of
fi for designing control signal ug, that is,

fro=fro1 = (RE_ Ry1 + QT Qp) ' RE_ P(y, Th—1) (15)

although the unknown force fj is unavailable at sampling time ¢ = kT.

3.3 Adaptive Controller Design

The idea of adaptive controller (indirect approach) consists in replacing the
unknown parameter by its estimation. After obtaining a prior estimation of f,
we can design the controller for the Eq. (6) from which the following equation
can be obtained

Hyup = Tp41 — LeZr — R fr + SuG(xk) (16)

Denote the desired reference trajectory of joint vector at sampling time #x1
by Z;,,- The actual joint vector is T, at time ¢j. The ideal control signal uy can
lead to the result that 1 = Zj, ;. The right hand side of Eq. (16) can set as

V(Zgt1, Tk) = Ty1 — L — R fr + SpG(xk) (17)

Likewise, only the estimation values at time t; can be used then the following
equation R . R .
V(Zpy1,Zy) = Tryy — LT — Rifr + SiG(xr) (18)

is estimation of V(Zp41, Tg).

In order to track the desired reference trajectory at time ¢4 = (k + 1)7T,
in other words, Ty4+1 = T}, the control signal at time t; = kT" should be the
following regularized least-square form

up = (HI Hy, + QT Q) " HIV (Ths1, 73) (19)

where @, is a matrix for fine-tuning the components of vector wu, which might
improve the performance of control. This controller is based on One-step Guess
method which estimates unknown force using only the information of last time
instant and hence results in fast adaption.
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3.4 Tracking Characteristics
The Eq. (10) is rewritten as
Ri-1fe—1=2p—1— Lp-1Zp—1 — Hp—1ugp—1 + Sk—1G(zk-1) (20)

which can obtain the ideal estimation of force. However, we use the following
equation to estimate f

Ry_1foo1 = Tt — Li—1Zp—1 — Hy—qug—1 + Si1Gap-1) (21)
From the above Egs. (20) and (21), we get
Ri-1foe1 — Bio1fuc1 = —Li-1@p—1 — Hioqug—1 + Si1Glap-1) (22)
The actual space state equation and desired equation are respectively
Tpy1 = Ly + Hyug + Ri fro — SpG(z) (23)

and
Tpir = Ly + Hywe + Ry fro1 — SuG(xy) (24)

By subtracting Eq. (24) from Eq. (23), we obtain
Tpy1 — Ty = Ly.@y + Hyuy, + Ry fr, — ékfk—l - SkG(l’k) (25)

where ka = Hk — I:Ik, i/k = Lk - ik, Rk = Rk - Rk,gk = Sk - S’k.
For time instant ¢ = (k — 1)T, we obtain
T — T, =Ly 1Zp 1 + Hyqup 1+

Ri 1fu-1— Ry 1 fro— Sk 1G(zx_1) (26)

By substituting Eq. (22) into Eq. (26), we get

T — 75 = Ri1fr—1 — Re—1fro—1 + Re—1fr—1 — Re_1fr_2
= Rio1(frm1 — fo2) (27)

From the above Eq. (27), we can conclude that the position trajectory error
|z — ;|| will converge to zero if || fr_1— fr—2|| — 0, which can be easily achieved
by estimation Eq. (13).

4 Simulation Examples

This section validates the above proposed controller with dynamic simulation, car-
ried out in MATLAB with the help of RVC, a toolbox dealing with robotics and
machine vision. As a comparison, the simulation results using PD feedforward con-
troller are also illustrated in this section. In this paper, the plant is PUMA560,
a well-known 6 DOF industrial robotic manipulator with unknown load force at
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the end effector, which results in uncertainties in this robot control system. This
manipulator depicted in Fig. 1 has six revolute joints, that is, n = 6.

If we are more interested in estimation of external force, then we might use
some a prior knowledge to set Q¢ so that we can get more precise estimation.
The whole simulation system consists of a continuous-time robotic plant and
a discrete-time controller, either PD feedforward one or OSG-based adaptive
controller one. The OSG-based adaptive controller is given by the Eq. (19), while
the generic PD feedforward controller is given by

Usg = M*(¢")§" + C(¢",¢")q" + G(q") +{Ku(¢" — @) + Kp(a" —q)}  (28)

where ¢* and ¢* are respectively desired joint angle and velocity, and K, and
K, are velocity and position gain (or damping) matrices respectively. Before
adding external force at the end effector, the control gain K, = 100 * Igxg
and K, = Igxe of PD feedforward controller have been well adjusted in order
that original control parameters can guarantee a satisfactory result of position
trajectory. In this way, we can compare the two kinds of controller in dealing with
unknown load force. The sampling time interval is T = 0.02s and the default
unit of f is Newton (N).

-1 Puma 560

Fig. 1. PUMAS560 in MATLAB using RVC

4.1 Fixed Case

The load force applied at the end effector is unknown and fixed, for example,
a constant external force f = [50 100 0 0 0 0]7° N that is a fixed horizon force.
We obtain the response curves of PD feedforward control in Fig. 2(a) and OSG-
based adaptive controller in Fig. 2(b). The trajectories of joint 4 to joint 6 are not
presented in Fig. 2 since they are tracked well both in these two controllers. From
these two figures, we can see that the tracking errors in OSG-based adaptive
controller converge to zero while the errors of the first joint to the third joint in
PD forward control scheme are far from zero.
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Fig. 2. Position trajectory results in fixed case
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Fig. 3. Force estimation in fixed case
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Also the estimation curve of load force is depicted in Fig.3(a), where each
subfigure, from f; to fg, represents one component of force f. We set Qr = Ogxg
of Eq.(13) in this simulation. The estimation result of f3 during tracking is
as not good as the other components of load force, which might be a result
of singularity of Rj_; in Eq. (12). However, this estimation deviation has little
impact on tracking precision of all joints.

A prior knowledges of direction of load force can be used and in the case
of f=1501000 0 0 0], we set Q; = diag{0,0,10, 10,10, 10}. Then estimation
curves of load force are illustrated in Fig. 3(b), better than Fig. 3(a).

4.2 Time-Varying Case

In practice, external load force might be time-varying and unknown, for example,
f =[50, 60+10sin(27t), 0, 0, 0, 0]7. The tracking trajectories are illustrated in
Fig. 4, from which we conclude that OSG-based adaptive control can also deal
with time-varying load force well despite of the presence of small estimation
deviations of force. The trajectories of joint 4 to joint 6 are not presented in
Fig.4 due to the same reason. The estimation curve of load force is depicted
in Fig.5(a), where only the estimations of f; to f3 are depicted here. Likewise,
a prior knowledge of the direction of force can be used and the estimation
curves of force are depicted in Fig. 5(b) reflecting better estimation with a prior
knowledge.

15 Joint 1 i Joint 1
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1 desired joint angle, ’m /—4
< - — — — desired joint angle

0 = 0 ===
0 1 2 3 4 5 0 1 2 3 4 5
time (s) time (s)
Joint 2 Joint 2
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WPE S —
1 " 05 e a
° B —_— o /
i T e L actual joint angle
0 = actual joint angle Ok=—— =" — — —desired jointangle
— — —desired jointangle
-1 05
0 1 2 3 4 5 0 1 2 3 4 5
time (s) time (s)
Joint 3 Joint 3
0 0 ===

actual joint angle
— — —desired joint angle

actual joint angle
— — ~desired jointangle

B TR B-05
e e
) 1 2 3 4 5 ' 1 2 3 4 5
time (s) time (s)
(a) PD feedforward control (b) OSG-based adaptive control

Fig. 4. Position trajectory in time-varying case
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Fig. 5. Force estimation in time-varing case

5 Conclusion

In this paper, we have presented a novel scheme of discrete-time force estima-
tion and tracking control based on one-step-guess for robotic manipulator with
unknown load force applied at end effector. The history information of joint angle
values and velocities sampled from the true arm system is used to estimate the
unknown fixed or time-varying force, and a discrete-time adaptive controller
based on force estimation is designed to achieve position tracking. Dynamic
simulations for a 6 DOF robot manipulator are carried out in MATLAB with
RVC toolbox. Simulation results have demonstrated that this control approach
could obtain a remarkable tracking performance compared with tradition con-
trol scheme. In addition, the estimation method of unknown force also has a
considerably high precision, which could be used for intelligent robotic sense of
external force.

While the performance of OSG-based adaptive controller has been validated
through computer simulation, complete theoretical proof and experimental ver-
ification of physical system are also required which will be the goal of the future
work. Meanwhile, the proposed scheme mainly considers the uncertainties from
external load force. However, a true robotic system also suffers from other dis-
turbances such as friction disturbance, which could result in bad performance. A
further development of the control scheme is to study how OSG-based adaptive
controller deal with friction disturbance as well as unknown external force.
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